Near infrared spectroscopy (NIRS) is a diffuse optical technique that has been used to measure oxy-, de-oxy, and total hemoglobin concentration changes in real-time at the surface of the brain. NIRS relies on neuro-vascular coupling-Blood-Oxygenation-Level-Dependent (BOLD) response-and measures hemoglobin concentration changes through the use of a light source (infra-red) in a safe region of the electromagnetic spectrum. We conducted a pilot study with NIRS to determine whether there were hemoglobin concentration changes in the brains of persons who stutter and typically fluent speakers during reading, counting, and free speech. Results indicate that as the complexity of the task increased, the magnitude of the hemoglobin concentration change increased. Overall, these three speech tasks caused hemoglobin concentration changes in Broca's area, Wernicke's area, and other areas of the brain.
Introduction
Diffuse optical techniques have been used to measure brain functioning in numerous fields (Durduran, Choe, Baker, & Yodh, 2010; Mesquita et al., 2011; Tellis, Yodh, & Mesquita, 2011; Tellis, Yodh, & Mesquita, 2013; Yodh & Chance, 1995) . With diffuse optical methods, light is employed in the near-infrared window (650-950nm) and measures photons in the deep tissues of the brain centimetres from the source (Boas, Elwell, Ferrari, & Taga, 2014; Ferrari & Quaresima, 2012) . The light interacts with chromophores such as oxy and deoxy hemoglobin, water, and lipids to provide information about blood flow, total hemoglobin, and blood oxygen saturation. Diffuse optical methods offer high temporal resolution, are not costly, and are portable. They use low power radiation in a safe region of the electromagnetic spectrum. These methods are non-invasive, unlike some other methods, and allow continuous probing of tissues; however, depth perception and spatial resolution are issues with these methods (Durduran et al., 2010) .
One diffuse optical option that has recently surfaced in fluency research is near-infrared spectroscopy (NIRS) (Tellis et al., 2013) . It was first studied by Jöbsis (1977) to noninvasively measure the concentration of oxygen in muscles and tissues. NIRS is a diffuse optical technique that is used to measure oxy-, de-oxy, and total hemoglobin (HbT) concentration changes in real-time at the surface of the brain (Dieler, Tupak, & Fallgatter, 2012) . NIRS relies on neuro-vascular coupling-Blood-OxygenationLevel-Dependent (BOLD) response-and measures hemoglobin concentration through the use of a light source (infra-red) in a safe region of the electromagnetic spectrum (Logothetis & Wandell, 2004) .
Hemoglobin concentration is monitored through the use of light scattering and tissue absorption. NIRS reveals optical properties of the tissue by calculating light intensity a few centimetres away from a near-infrared light source after the light has passed through the underlying tissue. Skin tissue and bone are mostly transparent to NIR light in the spectrum of 650-950 nm while oxygenated hemoglobin (HbO) and deoxygenated hemoglobin (Hb) are stronger absorbers of light in this range (Ferrari & Quaresima, 2012) . Differences in the absorption spectra of HbO and Hb allow the measurement of relative changes in hemoglobin concentration.
Currently, there is limited use of NIRS in fluency disorders research; however, previous imaging technology has been employed to study whether there are differences in brain activation regions in persons who stutter (PWS) and typically fluent speakers (TFS). In these imaging studies with positron emission tomography (PET) (De Nil, Kroll, Lafaille & Houle, 2003; Ludlow & Loucks, 2003) , magnetic resonance imaging (MRI) (Chang, Erickson, Ambrose, Hasegawa-Johnson & Ludlow, 2007; Sommer, Koch, Paulus, Weiller & Büchel, 2002) , functional magnetic resonance imaging (fMRI) (Blomgren, Nagarajan, Lee, Li, & Alvord, 2003; Chang, Kenney, Loucks, Ludlow, 2009) , electroencephalography (EEG) (Hampton & Webber-Fox, 2008) , and magnetoencephalography (MEG) (Schnitzler, Schmitz, & Freund, 2000) the researchers found many anomalies between PWS and TFS. For example, more activation was noted in the right hemisphere especially in the insula, and precentral gyrus and more bilateral activation in the cerebellum, temporal gyri (near Heschel's gyrus), postfrontal gyri, prefrontal gyri, and putamen and less activation in the right cerebellum, bilateral precentral gyri and left hemisphere pre-motor areas during speaking tasks in PWS compared to TFS (Blomgren et al., 2003; Chang et al., 2009; De Nil et al., 2003; Ingham, Fox, Costello Ingham, & Zamarripa, 2000; Sommer et al., 2004) .
These imaging techniques, although useful in advancing stuttering research, present multiple issues including cost, portability, and accessibility. Some have noisy signals or are sensitive to motion (e.g., MRI), some use an injection of radioactive isotope and may not have good spatial or temporal resolution (e.g., PET), and some may not be compatible with people who are claustrophobic (e.g., MEG).
NIRS has been used to detect functional brain activity in motor regions (Li et al., 2005) , measure changes in prosody (Wartenburger et al., 2006) , look at frontal lateralization during speaking tasks (Fukui, Ajichi, & Okada, 2003; Yamashita, Maki, & Koizumi, 1996) , achieve transcranial measurements of blood oxygen saturation (Hillman, 2007; Villringer & Chance, 1997) , detect cerebral blood flow and oxygenation reduction (Keller et al., 2000; Kuebler, 2008; Liebert et al., 2005; Terborg, Bramer, Harscher, Simon, & Witte, 2004) , detect cerebrovasular reactivity (Bönöczk, Panczel, & Nagy, 2002 , Vernieri et al., 1999 , detect functional changes (Kato, 2002; Miyai, 2003; Sakatani, Xie, Lichty, Li, & Zuo, 1998) , and detect changes in blood oxygen saturation in stroke patients (Carandang & Krieger, 2007; Hargroves, Tallis, Pomeroy, & Bhalla, 2008) .
Specific to fluency research, Sato et al. (2011) used NIRS with adults and children who stutter to study cortical auditory speech processing with phonemic contrasts spoken words (/itta/ vs. /itte/) and prosodic contrasts (/itta/ vs. /itta?/). Sato et al. found in typically fluent adults and children a left-hemispheric advantage for the phonemic contrast compared to the prosodic contrast. Adults and children who stutter showed no significant difference between the two stimulus conditions. To date, NIRS has not been used to measure verbal tasks between fluent and non-fluent speakers. In this paper, we report the use of NIRS during three tasks (reading, counting, and speaking) with two TFS and two PWS.
Method
We used NIRScout from NIRx Medical Technologies with an optical illumination of 760nm-850nm wavelength. From this illumination, 760nm targeted deoxygenated hemoglobin and 850nm targeted oxygenated hemoglobin. The system had 10mW/Wavelength of power, an LED emitter type, and a supply voltage of 50-60Hz. The system measures relative blood concentration changes compared to baseline. Our machine was a continuous wave system with 8 sources and 8 detectors. The source-detector probe distance was between 1.5 and 2.5 cm. At these distances, light can penetrate to a depth of approximately 1.5 cm below the scalp (Minagawa-Kawai, Mori, Hebden, & Dupoux, 2008) , enough to reach the most superficial layers of the cortex. The modified Beer Lambert Law (mBLL) (Obrig & Villringer, 2003) was used to account for the lack of an exact path length between source-detector pairings due to multiple scattering and geometry effects. In addition, the mBLL also accounts for the amount and distribution of light that exits the tissues.
Probes were placed on the head over Broca's area, Wernicke's area, the right inferior middle frontal (RIMF) gyrus, and the superior middle frontal (SMF) lobe. These areas were chosen because previous studies revealed activity in the regions studied during speech. Probes were placed based on positions of the international EEG 10-20 system (Jasper, 1958) . A cap similar to an EEG skull cap was placed on the head of each participant.
Four participants were included in this pilot study. All participants were matched for age, gender, and handedness (right). To qualify for the study, PWS needed to have at least 10% syllables stuttered and TFS needed to be at least 98% fluent. Once data were analyzed with the Stuttering Severity Instrument 4 (Riley, 2009) and participants qualified, the equipment was calibrated. The lights in the room were turned off or dimmed. The room that was chosen was a quiet room with no other environmental distractions.
Participants were prompted to read 10 different passages at their own pace, count at their own pace, and produce free speech. Reading passages were at a 4 th grade level. Fifteen second intervals of stimulus and rest were alternated for a total of five minutes per task. The 15 second intervals were used to account for the time it took for the hemoglobin levels to return to baseline (~4-6 sec) post stimulus. According to Pasley and Freeman (2008) , after the peak of flow (BOLD response), the cerebral response to brief neural activation occurs 1-2 seconds and peaks 4-6 seconds after the neural response. Low pass filtering (set at 0.4 Hz) controlled for arterial such as blood pressure modulation. High pass filtering controlled for low frequency noise. The raw readings were converted to Hb and HbO change estimates with the mBLL. General Linear Model (GLM) was used to estimate concentration changes (cc). Data were analyzed using NIRSlab software in MATLAB.
Results
Results indicate that during the reading task, HbO concentrations increased in the RIMF gyrus for both PWS and TFS; however, the PWS exhibited greater increases in HbO and Hb concentrations in the RIMF gyrus when compared to TFS. Alternatively, HbO and HbT concentration changes were greater in TFS than PWS in Wernicke's area during the reading task. In the free speech task, TFS showed greater increases in HbO and HbT concentrations in the RIMF gyrus, Wernicke's area, and Broca's area compared to PWS.
The TFS demonstrated greater HbO concentration changes than the PWS in the RIMF gyrus during the counting task. Greater HbO and HbT concentration changes were noted during the same task in TFS in Wernicke's area compared to PWS. We noted that as task complexity increased (e.g., counting vs. free speech), the magnitude of the hemoglobin concentration change increased (cc increased for free speech), especially in the RIMF gyrus.
Discussion
Current stuttering research has used other more expensive and invasive methods (i.e., MRI, PET) to retrieve information on differences in brain activity between speakers. Using NIRS technology is a less expensive and less invasive method to obtain results on brain activity differences between TFS and PWS. This technology also provides researchers with the opportunity to observe continuous oxygen changes in real time during speech tasks such as reading aloud, choral reading, counting, and free speech.
Future research will include recruiting a larger sample of participants. We will also use E-Prime for randomization of tasks. Participants will also be given the Edinburgh Handedness Inventory (Oldfield, 1971) prior to beginning the study to determine their handedness. We will also use a 16 source and 16 detector system and place probes on contralateral parts of the brain to determine whether there is any corresponding activity during speech and non-speech tasks.
In our next experiment we will use only a 5 second stimulus task preceded by a 5 second prompt for participants to prepare for the task. A 15 second rest period will follow the stimulus task. A 5 second stimulus task will be used because the cerebral response to brief neural activation usually peaks 4-6 seconds after the neural response (Pasley & Freeman, 2008) . A silent reading task and a finger tapping task will be added to determine what, if any, temporalis muscle artefact may contribute to the data.
In the current study, it is possible that the RIMF gyrus (Broadmann area 46) showed the most increases in concentration changes because it is associated with sustained attention (Johannsen et al., 1997) . Further, Johannsen et al. noted that the frontal RIMF site is more active when participants attend to visual stimuli or if they are engaged in a divided attention task. It is possible that we noted the most activity in the RIMF gyrus in our study because reading a paragraph on a screen involved visual stimuli as well as divided attention, whereas counting did not include visual stimuli. It is also possible that the proximity to the temporalis muscle may have resulted in increased activation of the RIMF gyrus.
Though changes were noted, some of the data showed variable results for Broca's area, Wernicke's area, and the SMF lobe. It is possible that some of the probes may have shifted during the tasks, or participants' neural activity increased during rest due to thoughts or stimuli unrelated to the study. In the future, participants will have a chin strap attached to the cap to reduce the chances of the probes moving during the study, and will be instructed to remain still and focused throughout the study.
In future studies, participants will be asked not to drink caffeinated drinks prior to the study to reduce the potential of reducing blood flow to the brain. Caffeine blocks adenosine which controls blood flow to the brain. Adding caffeine can constrict blood vessels which results in less blood circulating in the brain (Elmenhorst, Meyer, Matusch, Winz, & Bauer, 2012) .
Future researchers should include algorithms to filter possible signal interference that may occur because of heart rate, cerebral auto regulation, respiration, and slower blood pressure fluctuations. Further, Gagnon et al. (2013) suggest using HbT instead of HbO or Hb because HbT is less sensitive to pial vein contamination than HbO or Hb. These large pial veins that reside above the surface of the cortex, display more oxygenation changes following activation; however, their volume remains constant. Gagnon et al. suggest that the HbT signal provides better spatial specificity when mapping cerebral activity in the motor cortex.
Our research, as well as research by others, indicates that diffuse optical methodologies may have the potential to determine differences in cerebral blood oxygenation levels during speech tasks. Ultimately, progress along these lines could lead to improved diagnostic and treatment techniques for persons with speech and language disorders, including stuttering. These technologies are thus expanding our knowledge of the brain and may even improve upon the care we provide to clients.
